Abstract: This paper deals with the study of the centrifugal effect on aluminum castings under high G values. In this study it will be shown that aluminum alloys, without reinforcement, and where there is almost no difference of density or low solubility of different phases, may also give rise to a Functionally Graded Material-FGM. It seems that the main variable that affects the mechanical and metallurgical properties is the fluid dynamics of the process.
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Introduction
Most of studies in the domain of Functionally Graded Materials (FGMs), obtained by centrifugal casting deal with functionally graded composites where an alloy is reinforced with a solid phase as for example silicon particles. In these cases the gradation as well as the improvement of mechanical properties is attributed to the reinforcement. Moreover in some cases it is possible to obtain FGMs with metallic materials where there is a high difference of density and low solubility of different phases or different materials of the same alloy. In this last case the phases with higher density move in the radial direction to the outer surface of the casting due to the centrifugal force (Janco, 1998) .
However, in this study, an aluminium alloy, without reinforcement, and with very close densities between phases, is used. It will be shown that the casting may be very influenced by the centrifugal effect and functionally graded castings may be obtained.
In order to understand why a homogeneous alloy, with similar densities between phases, may give rise to an FGM, by using the centrifugal effect, an analysis of the most important effects of the centrifugal casting process on metallurgical features is necessary. As a fact the properties of a specific alloy (hypoeutectic, eutectic or hypereutectic) can be attributed to the individual physical properties of its main phase components (α-aluminium solid solution and silicon crystals) and to the volume fraction and morphology of these components (ASM International, 2004) . Perhaps the most characteristic property of Al-Si alloys is a high tensile strength in relation to density compared with that of other cast alloys, such as ductile cast iron or cast steel. The high specific strength of aluminium alloys is very strongly influenced by their polyphase microstructure (ASM International, 2004; Hengcheng et al., 2002) .
As a fact, in order to understand the relation between microstructure and mechanical properties investigations have been carried out to clarify the relation between microstructural features such as secondary dendrite arm spacing SDAS (Wang, 2003; Guang et al., 2006) , the eutectic particles (Si and Fe intermetalics) size and shape (ASM International, 2004; Liao et al., 2002; Numan et al., 2004; Nikanorov et al., 2005; Saigal and Fuller, 2001 ) the alloy composition (Shabestari and Moemeni, 2004) and mechanical properties. Wang (2003) discussed the relationship between the Secondary Dendrite Arm Spacing (SDAS) and tensile properties of an A356 aluminium alloy. Their results show an increase of the ultimate tensile strength and also the ductility of the A356 alloy with the increasing of the SDAS. Studies performed on a sand cast A356-T6 obtained by hot isostatic pressing process also revealed an increase of ultimate tensile strength and ductility of both A356 and A357 alloys with SDAS (Guang et al., 2006) .
There are different solutions to control these micro structural features, for example by adding some alloying elements (Liao et al., 2002; Shabestari and Moemeni, 2004) to refine the grain. However perhaps the most common way to improve mechanical properties of cast Al-Si alloys is by changing the casting technology (ASM International, 1997) . Each technology has particular aspects that interfere on microstructure and consequently on mechanical properties.
Regarding the effect of the centrifugal technique on vertical centrifugal castings there are mainly three aspects that may strongly affect the microstructure of the components thus obtained, namely: fluid dynamics; vibration (inherent to the system); and centrifugal force (Janco, 1998) .
In this paper, a solidification characterisation on different points along the mould is made, in order to have an accurate idea of both the fluid dynamics inside the mould during the casting and the solidification behaviour in the different parts of the component.
This analysis will be related to some metallurgical features (phase distribution; SDAS; eutectic silicon content and shape) along the component and mainly along the direction of the centrifugal pressure. For comparison purposes castings obtained by centrifugal casting technique will be compared with traditional gravity casting technique, as a reference.
Finally, a model for rupture strength and strain is tested in order to correlate rupture strength and strain with metallurgical features namely silicon lamellas thickness and length, SDAS and volume fraction of the eutectic phase.
Experimental methods
The material used for obtaining the castings was an AlSi12 commercial alloy (Chirita et al., 2006) .
The material was melt with an induction vacuum furnace at a temperature of 670°C. Before pouring, the permanent mould was preheated at 130°C for all castings. On centrifugal casting the mould was rotating with an acceleration (G) of 24.5 g around the central axis of the casting machine and the molten aluminium was poured into the mould cavity (Figure 1 (a)) (Chirita et al., 2006) . For gravity castings the same induction vacuum melting equipment and the same melting temperatures used in centrifugal casting were used, but in this case the melt was manually poured into the mould (Figure 1(b) ). Three ingots for each casting technique were produced ( Figure 2 ). Each ingot, from the centrifugal castings and from the gravity castings (Chirita et al., 2006) were cut to obtain three specimens in order to compare the properties of the aluminium alloys in different places of the ingot and in particular along the radial direction of centrifugal casting (Figures 1 and 2 ) along the first 15 mm. Globally, 18 specimens were tested, nine of each casting technique. Tensile tests were performed in a Dartec tensile testing machine at room temperature. Samples were analysed by optical and scanning electron microscopy SEM/EDS. The amounts of the constituents were statistically quantified by image analysis. Temperature readings (at 1.5 mm from internal mould surface), during castings, were performed with a data acquisition system (reading of 8 points/s), in three different points of the mould during the solidification (Figure 3 ). Three reading positions were selected: mould bottom to determine the pouring time; side and front part with, respectively, low and high mould wall mass. From Figures 4 and 5 it can be seen that the melt, in centrifugal casting, reaches the side and front position, (at half height of the mould) almost at the same time as the down position (the first point where the melt touches at pouring). In gravity technique the melt takes about 2 s to reach the same previous positions. This means that the mould is filled much faster and/or the first melt that touches the down position, due to the fluid dynamics, splits in different directions touching the inside mould walls in side and front positions. Probably both situations, faster mould filling and more turbulent fluid dynamics, occur simultaneously for the centrifugal casting, as compared to the gravity casting process.
In Figures 6-8 it is possible to compare the heat transfer between the casting processes, for the different positions. In Figure 6 it is observed that the heat accumulation in down position is higher for gravity casting then for centrifugal casting (higher maximum temperature and higher heat transfer rate as inferred by the slope of the temperature curve). This means that the first melt that reached the down position remained there and the material that was continuously poured to the mould touched that position first and kept transferring heat to that position. In centrifugal casting, as the melt that first touched the down position, split to other directions, was not in touch anymore with the down position but with the other mould walls. As a fact, in Figures 7 and 8 it is clear that the side and front walls were affected by the melt quicker in the centrifugal casting then in the gravity casting.
Thus, and based on Figures 4-8, it can be concluded that the main variable that distinguishes both casting processes is the fluid dynamics. In the centrifugal casting process the mould is filled with a more turbulent flow, with the melt splitting in different directions touching the inside mould walls, in side and front positions, then the gravity casting process.
Accepting the previous explanation as valid, a substantially different solidification behaviour would occur for the different techniques with substantial differences in the phase morphology in different regions of the casting.
However, prior to the microstructure analysis, an analysis on the chemical composition was performed. It can be seen if Figure 9 that there is no significant difference in both the aluminium and silicon contents between the casting processes and along the radial direction of the centrifugal casting. This means that there was no effect of different phase densities due to the centrifugal force, as occurs in alloys where there is a high difference of density and/or low solubility of different phases or different materials of the same alloy. In this case this effect is not observed. Otherwise a variation in chemical composition would be observed (Janco, 1998) . Further to the previous effect of the radial force, the radial centrifugal pressure is not expected to have any interference in the solidification behaviour. For the specific case used in this study the pressure level is about 2-4 MPa and it is known that pressure only influences the solidification diagram for pressures higher than 50 MPa (Ghomashch and Vikhrov, 2000) .
Regarding the microstructure effects due to the solidification behaviour, Figures 10  and 11 show that there is a difference between casting techniques (Figure 10 ) and also a substantial difference between positions, along the radial direction, in centrifugal casting. The microstructure is thinner in centrifugal casting and, in this process is also thinner in the outer position (position 1 -see Figure 2 ). In Figure 14 is also observed the same behaviour for the SDAS, e.g., bigger for gravity in position 3. In Figure 15 is also observed that the phase distribution differs between casting techniques and positions. The amount of the eutectic constituent is higher for the centrifugal process and increases from position 3 to position 1. From Figures 10-15 it can be concluded that in centrifugal casting the solidification was quicker and/or there were no conditions for phases to grow. As a fact, a more turbulent flow inside the mould would promote a thinner microstructure. The first melt that reaches the down position, in contact with the cold mould, formed some germens of solidification. These germens were then split all over the mould promoting a faster solidification in all regions of the cast and, due to the increased number of solidification germens, there were no chance for the phases (dendrites), to substantially grow, because they would get in touch with the neighbouring phases. Thus, in centrifugal casting process, it is observed a thinner microstructure all over the casting. This effect is more accentuated in the 'down' position because this side of the mould remains colder (in the solidification stage -first seconds after pouring) than in the gravity casting process. This reason may be able to explain the more accentuated gradient that is observed in centrifugal castings as compared to gravity castings (Figure 16(b) ) These results are in accordance with the thermal cycles observed in Figures 4-8 where it is clear a more uniform heat transfer distribution in the whole mould, for centrifugal casting, then in gravity casting where the heat transfer was mainly concentrated in the down position. Besides the fluid dynamics effect, and the centrifugal force that was already previously shown not to affect the microstructure, the variable that are supposed to influence the microstructure of the components is, according to (Janco, 1998 ) the inherent vibration of the process. However most of the existing studies report that its effect is an improvement of the mechanical properties of the materials (Moffat et al., 2005; Fisher, 1973; Ivanov and Krushenka, 1992; Kadir, 2006 ) through a global faster solidification. The mechanism supposed to be responsible for this improvement is a faster solidification behaviour (liquid phase is cooling from a lower maximum temperature: 20-50°C in Figures 6-8 ) due to an internal movement of the melt that promotes a quicker heat transfer inside the melt and to the mould walls. This effect is not supposed to be responsible for the gradient observed between position 1 and 3 but could be, along with the centrifugal effect, responsible for a global improvement of the rupture strength.
Thus, it may be concluded that the gradient (between positions 1-3) (Figure 16 ) that is more pronounced in the centrifugal casting process is due to the fluid dynamics of the centrifugal process and consequent heat transfer in the walls of the mould. Further to this it is clear that an FGM is possible to be obtained, not through a chemical composition variation along the volume but through a change in the solidification behaviour. It is observed that the rupture strength and strain can be adequately described by equation (1) (Figure 17 ), that may be derived for both casting techniques: 1 2 S t r e s s o r S t r a i n f eut k V k
where, σ is the ultimate tensile strength; k 1 is an empirical factor that introduces the influence of several metallurgical features (such as SDAS; intermetallics amount and distribution); k 2 represents phase morphology and distribution on the eutectic constituent; and V f eut is the eutectic's volume fraction. 
Conclusions
The main conclusions of this work are:
The centrifugal process, as compared to the gravity casting:
• does not influence the chemical composition along the casting
• strongly influences the phase morphology and distribution along the casting
• these effects are related to the solidification process, namely the nucleation process and location
• fluid dynamics is the main process variable that is responsible for the gradient in properties along the radial direction giving origin to an FGM.
